Sewer asset management gained momentum and importance in recent years due to economic considerations, since infrastructure maintenance and rehabilitation directly represent major investments. Because physical urban water infrastructure has life expectancies of up to 100 years or more, contemporary urban drainage systems are strongly influenced by historical decisions and implementations. The current decisions taken in sewer asset management will, therefore, have a long-lasting impact on the functionality and quality of future services provided by these networks. These decisions can be supported by different approaches ranging from various inspection techniques, deterioration models to assess the probability of failure or the technical service life, to sophisticated decision support systems crossing boundaries to other urban infrastructure. This paper presents the state of the art in sewer asset management in its manifold facets spanning a wide field of research and highlights existing research gaps while giving an outlook on future developments and research areas.
Introduction
Modern sewer infrastructure faces major challenges in fulfilling public expectations concerning the functionality of the urban drainage infrastructurethe maintenance and rehabilitation of aging networks along with the adaptations needed to cope with a changing environment (e.g. climate change and/or urban development in the context of population increase/ decrease). The focus of operating companies in places with long-lived sewer infrastructure is, therefore, shifting from new design and construction to redesign and asset management. We understand sewer asset management, following the definition of Marlow, Beale, and Burn (2010) , as 'a combination of management, financial, economic, engineering and other practices applied to (physical) assets with the objective of maximizing the value derived from an asset stock over a whole life cycle, within the context of delivering appropriate levels of service to customers, communities and the environment, and at an acceptable level of risk', that reaches beyond spatial, temporal and organizational decision-making scales.
The management of these assets also represents an important economic consideration. Sewer infrastructure is extremely capital-intensive and fixed costs constitute up to 80% of the total costs of a utility (Hukka and Katko 2015) . The estimation of appropriate investment levels for wastewater infrastructures is challenging due to the assets' characteristics: long asset life, cumbersome condition assessment of the assets, differences between accountancy and real value and the difficulty of assessing costs of deferred investments (Westerhoff et al. 2003) . Investment needs for urban water supply and drainage infrastructure combined is set at 0.75% of the gross domestic product (Cashman and Ashley 2008) .
In Austria, Neunteufel et al. (2012) estimated a yearly reinvestment need of 490 to 830 million €. In reality, 2017 investments of about 362 million € were made (KPC 2017), well below these assumptions but above the 0.07% rehabilitation rate in 2012 . In Germany, Berger et al. (2016) highlighted that~20% of the sewer network requires short or mid-term rehabilitation. The annual investment for sewer rehabilitation of approximately 4 billion €, representing a rehabilitation rate of~1.1%, contrasts with an estimated 7 billion € capital need (Scheller and Schneider 2016) . In the Netherlands, a yearly amount of 800 million € is spent on rehabilitation and/or replacement of sewers, i.e. affecting 1% of the network annually, which is still short of the expected need (Oosterom and Hermans 2013) . In France the current annual investments are at the Dutch level, lacking 1.4 billion € per year (Lesage 2013) .
The overall condition of the French sewer network remains mostly unknown, as it is the case in most cities where only a small part of the existing network has already been inspected. This lack of information inhibits the development of efficient sewer rehabilitation strategies (Ahmadi et al. 2014a; Harvey and McBean 2014) . In practice, proactive management strategies are mainly based on the companies or municipalities employees' experience: their intuition and tacit knowledge of the system play an essential role in decision-making (van Riel et al. 2016 (van Riel et al. , 2017 .
The aim of this paper, based on the experiences of a working group on Urban Drainage Asset Management (UDAMhttps:// udam.home.blog/) of the IWA and IAHR Joint Committee on Urban Drainage, is to present the state of the art in sewer asset management in its manifold facets, while highlighting views of future developments and research areas. The structure of this discourse is akin to sewer asset management approaches: we begin with the topic of inspection, using the data from inspections to assess the condition to be used in a risk-based approach. All these data must be stored and manipulated to be usable for the operator and other decision-makers. From these data, we derive appropriate models for investment and operational decisions. Finally, we broaden the focus to a more systems engineering approach (Wasson 2016) , looking at the possibilities of interactions, interdependencies and synergies with the other urban infrastructures, that share the same physical space.
Inspection techniques
Closed Circuit Television (CCTV) inspection techniques remain the most applied method for condition and operability assessment of sewer systems. Notwithstanding the undisputed quality increase in obtained footage over the last decades, the CCTV concept for sewer inspection has been repeatedly criticised (e.g. Dirksen et al. 2013) . The main issues identified are twofold:
• Limited type of information acquired:
○ Only a snapshot of the condition without information on deterioration process or cause. ○ No direct information on the actual hydraulic capacity of inspected conduits or networks. ○ No information on the material properties and the geometry to estimate the structural strength and stability. ○ No information about the quantity of in-and exfiltration. ○ Only prior defined (e.g. EN 13508-2 2011) defects are reported. • Low accuracy and repeatability:
○ Relatively large percentage of false negatives and false positives in defect identification, due to dependence on human observation of images.
○ Numerical classification, representing good to poor condition, may vary between individual inspectors up to two steps.
Efforts to minimise the human factor, namely the recent research development on applying automated image processing techniques using pattern recognition and machine learning (e.g. Kumar et al. 2018; Meijer et al. 2019; Myrans, Everson, and Kapelan 2018) , show encouraging results (accuracies of around 90%), particularly in their ability to reduce the percentage of false negatives. However, the issue of correct classification remains a challenge. This is mainly because the classification procedure applied in the standards depends on semantic descriptions rather than rigorously defined quantifiable measures.
Another issue, with respect to sewer inspection in general, is the fact that inspection schedules are often based on operator experience and intuition, customer complaints or on preselections based on either age, material or operational conditions that are believed to have adverse effects on the state of the assets. This may result in biased data and inefficient inspection programs (Roghani et al. 2019) , making extrapolation from available data to a whole system extremely uncertain.
Alternative inspection techniques
As cheap alternatives for CCTV inspection (providing the same information), recently developed acoustic (e.g. Horoshenkov, Long, and Tait 2010) and manhole camera zoom techniques (e.g. Plihal et al. 2016 ) have been proposed. However, since these technologies are not included in standards yet, the application in practice is still limited.
Ring laser scanning methods have been applied to detect and quantify the inner geometry of sewer pipes to measure deformations (Hartley and Zisserman 2003) , with rather poor accuracy. Recent developments report an increase in accuracy due to the application of camera movement compensation methods, tested under lab-conditions only (Clemens et al. 2015; Lepot, Stanić, and Clemens 2017c) . The technology is promising as it provides detailed information of the 3D geometry of pipes that may be used to quantify material loss, deformation and the dimensions of obstacles and intruding lateral connections. Based on such data, the possibility to extract wall-roughness values of corroded pipes has been shown (Clemens et al. 2015) . However, the translation of shape, position texture of obstacles and sediment beds into hydraulic loss characteristics are still an open issue.
Multiple methods have been developed to assess infiltration/exfiltration (I/E) in the last decades (e.g. Bertrand-Krajewski et al. 2006; Harris and Dobson 2006) . Recent research focuses on the application and further development of Distributed Temperature Sensing (DTS), tracer methods and electro tomography. DTS can be used to detect and locate infiltration (Hoes et al. 2009; Nienhuis et al. 2013) , providing, however, only a rough estimate. The placement of a fibre-optic cable into the pipeline bed to monitor high-frequency temperature differences because of exfiltration is yet to be tested in urban drainage. -Krajewski et al. (2006) developed and improved tracer methods to quantify infiltration (e.g. the stable isotope method) and exfiltration (e.g. QUEST-C). Current research is focussing on the application and further development of tracer methods to detect and quantify exfiltration (Rieckermann et al. 2007; Stegemann et al. 2018) . In lab-scale experiments, the application of Infra-Red cameras has been tested (Lepot, Makris, and Clemens 2017a) . This method seems to be able to detect infiltration, but the detection limit is relatively high. Electrical Resistivity Tomography (ERT) and self-potential methods (Thompson, Kulessa, and Luckman 2012) could be promising since they potentially may be applied for long-term monitoring of the effect of infiltration and exfiltration in the soil.
Bertrand
Sedimentation of sewers causes potentially large reductions of hydraulic capacity (Van Bijnen, Korving, and Clemens 2012) , but CCTV only reveals what 'can be seen' by optical means and does not provide any direct quantification. When dry conditions can be established, the application of accurate laser scanning techniques may be applied (Lepot, Stanić, and Clemens 2017c) . These conditions could until now only be achieved in a laboratory setting. Another promising technique is the application of sonar (Lepot et al. 2017b) , which is less accurate than laserscanning but seems to be more robust and applicable in practice.
An important limitation of most inspection techniques is the fact that a pipe is only inspected from the inside. This implies that some defects (e.g. outer wall corrosion) cannot be detected at all. Depending on pipe material and its location, cracks along the pipe perimeter (e.g. a longitudinal crack on the bottom of a pipe) may go undetected during visual inspection (even after draining and cleaning prior to visual inspection). There are techniques such as Ground Penetrating Radar (GPR) (Hao et al. 2012) , that show promise to identify voids around the pipes and pipe collapses.
In current practice, the most widely applied method for obtaining information on material properties is taking samples for lab analysis. However, the material properties of concrete pipes, especially older ones, tend to be very inhomogeneous. This renders the number of samples, necessary to obtain usable statistical information, prohibitive for practical application (Stanić et al. 2017) . No practical applicable non-invasive methods for obtaining data on material's properties for sewer pipes have been reported yet.
The idea for robotising pipe inspection has been discussed for at least two decades (Kirkham et al. 2000; Kuntze and Haffner 1998) along with the idea of mounting multiple sensors to obtain information from different sources (e.g. infra-red and visible spectrum, sonar, temperature, laser). These platforms are believed to provide mutually combinable data to detect the presence of infiltration, cracks, loss of wall thickness due to corrosion, deformation of the geometry and possibly even the presence of bacterial activity through stimulated emission of visible light under ultra-violet radiation. The big challenges for such integrated platforms are their practical applicability, data postprocessing, interpretation of obtained information and costs.
Condition and performance assessment
Condition assessment is a vital component of any asset management strategy, that precedes the performance assessment of the asset, to pursue a risk-based approach. Usually, condition assessment of collection systems is undertaken with limited resources and potentially with an incomplete inventory or incomplete characterisation of related systems' attributes (Oliveira et al. 2007 ). The investigation techniques have been previously presented and data quality and availability will be discussed in the next section. Therefore, we will focus here on protocols used to assess the condition and combination of condition with other indicators to obtain an assessment of performance. Table 1 presents an inventory of existing protocols to classify pipe condition into several possible states depending on the level of complexity and the stakes considered. A condition class as such cannot be regarded as an objective metric related to functionality, as it is based on CCTV with no direct link to physical measurable characteristics. It is merely a structured and standardized method to aggregate opinions.
The comprehensive condition represents the simplest assessment, where physical integrity gets a score corresponding to the need for rehabilitation and its urgency. Due to its simplicity, this assessment does not allow for a deeper understanding of why and how rehabilitation should be done. The objective is to assess functionality of the asset at the time of inspection (present function fulfilment).
Structural condition refers to the capacity of the pipe to fulfil its structural role maintaining its shape and bearing capability. The classification of the integrity (structural) of a sewer is the basis for the wear margin or remaining service life (Vanier and Rahman 2004) as well as the allocation of a reasonable rehabilitation type (renewal, renovation or repair) for damaged sewers. A simple example illustrates the difference between a classification based on structural condition and an integrityoriented one, which focuses more on the overall condition of a sewer: A sewer with a single severe damage (causing a poor structural condition rating) may require immediate (repair) action to restore function, but its overall integrity is still good. Consequently, there is no need for a complete replacement of the sewer pipe in the immediate future. On the other hand, a sewer pipe without severe single defects, but irreparable degradation along the whole pipe length requires renovation or replacement.
Operational, environmental and hydraulic conditions consider physical deterioration that will, respectively, lead to operational incidents, environmental impact, infiltration, exfiltration or flooding. Such conditions may be interconnected but may lead to different rehabilitation strategies. Malfunctions represent the consequences of defects in facility operations. Some malfunctions may be observed using CCTV inspection or alternative types of investigation procedures, while others can only be estimated based on occurring defects (Le Gauffre et al. 2007 ).
From condition to risk-based approach
Condition assessment should not be the only factor for prioritisation of pipe rehabilitation. From an economic perspective, pipes to be rehabilitated should be in poor condition, contribute to an existing and important impact or cause an increase in risk. It is, therefore, necessary to combine conditions with other factors in this risk-based approach. Risk can be defined as the combination of the consequences of failure and the likelihood or probability that such a failure will occur (ISO 24765 2017; ISO 55000 2014). Consequences can include social, economic, and environmental impacts that occur because of a pipe failure. If an asset failure triggers severe consequence, but has a low probability of failure, this can result in a moderate risk of failure. Those assets with the potential to significantly impact the delivering of network objectives are called 'critical assets' (ISO 55000 2014) and should never fail in an ideal situation. Nevertheless, there is always some likelihood of failure. This implies the necessity to accept some level of risk as its elimination is neither feasible nor affordable. The degree of risk should, however, be kept as low as reasonably practicable (Frangopol 2011) .
The extensive research on the field of risk-based approaches has brought the method and tools to the operational field. Table 2 presents an overview of references dedicated to riskbased approaches, combining the assessment (or prediction) of condition with other indicators. The last decade has also seen the emergence of software (e.g. Debères et al. 2011; Halfawy, Dridi, and Baker 2008) dedicated to risk-based approach, combining pipe condition or CCTV reports (when the tool has a pipe assessment protocol) with a broad range of indicators related to the surroundings of the pipe (often extracted from the city's geospatial information system). There is some complexity involved in determining the direct costs of repair or replacement activities, due to the method selection process. Even more uncertainty, difficulty, and subjectivity are encountered during the estimation of indirect costs of sewer failure in monetary terms as they are intangible in nature (Salman and Salem 2012) . One major impediment of the adoption of such methods and tools is the lack of data, although approaches with valuations from survey data have been tested (Rozan, Rulleau, and Werey 2017) . Still, data management remains a major concern for operational and research activities.
Sewer asset data management
The amount of data relevant to asset management and its variety are expected to grow due to factors such as increasing regulatory requirements, the emergence of new low-cost sensors, increasing digitalization and the potential of social media platforms to report different types of problems. The diversity of data sources brings not only new opportunities but also new challenges with respect to data management. Water utilities must deal with large volumes of data in near real-time and thus current data-management platforms will require significant changes and improvements.
Organisational characteristics and size of management utilities of urban water systems can vary significantly, from small (local) to large (regional and international) sewer operators which can be private, public, or public-private partnerships or anything in between. Among other factors, this will influence data availability and quality, as well as on the capability of processing the data.
Several types of data can be used to support asset management, and attempts have been made to structure and make the various data sets outlined previously compatible, especially at the national level; examples being the Swiss Water Association (VSA) data model (VSA-DSS 2014) or the Dutch Gegevenswoordenboek Stedelijk Water (RIONED 2017). These types of data models consist of a relational database structure specification, for instance for system data, and should facilitate the link with other relevant data sets (e.g. Organisation and Environment data). Another important feature of the data model is to enable the connection of databases of operation and maintenance data, for example, databases of sewer inspection reports or customer complaints. Data models tend to be very detailed, attempting to cover various potential uses of data. Therefore, due to its completeness, some data models become complex and water utilities end up not leveraging their full capabilities, or use them at all, preferring to develop simpler custom data models suited to their, limited, specific needs.
There are several international standards focussed on managing asset data, specifically. For example, ISO 55000 (2014) for the data aspects to be considered and EN 13508-2 (2011), that provides a coding system for observations made during sewer visual inspection activities. Several authors refer to minimum data requirements to develop an effective asset management strategy (e.g. Carvalho et al. 2018; Rokstad and Ugarelli 2016) or the 'optimal' data set (e.g. Ahmadi et al. 2014a; Tscheikner-Gratl et al. 2013) . Minimum data sets focus on the characteristics of the sewer infrastructure (e.g. sewer pipes and manholes) as well as data from management and operational processes. Acquiring additional data is usually associated with managing different data owners and navigating varying data quality. This should be contemplated when devising data collection plans, since it creates additional challenges in the workflow.
Although the value of the Open Data paradigm is widely accepted (Carrara, Radu, and Vollers 2017) , there are relatively few examples of Open Data in sewer asset management. Aside from the potential benefits, there are also several barriers for Open Data (Janssen, Charalabidis, and Zuiderwijk 2012) . Some of these barriers may be particularly challenging for asset data, such as the unclear potential for value creation or the relatively small audience size interested in, and capable of, using such data. Other barriers include the intrinsic value of data and data security issues.
Various stakeholders involved should also take advantage of new technologies to improve data accessibility. One such recent development is cloud data hosting, which would allow utilities to share data more efficiently within their organisation and provide controlled access to relevant information to other stakeholders. This approach could provide the opportunity to create a large and common accessible database that could be shared among utilities and researchers in the field. It would also contribute to data loss protection and, in theory, ensure that an adequate data structure exists, to mitigate the issue of lacking historical data.
Data quality challenges
The process of acquiring data is costly and complex, which often explains why data are limited in quantity and quality (Ana et al. 2009 ). Nevertheless, irrespective of data requirements and acquisition method(s), there will always be some level of error and bias. Other relevant data issues include missing and implausible data, lack of information about rehabilitation works and decisions underlying these, poorly documented models, insufficient measurements and calibration data, and lack of environmental data (Egger et al. 2013) .
Limitations in data quality and quantity are major impediments to condition-based maintenance and to the wide use of predictive models. Necessary data include information on asset characteristics during operational life (e.g. date and depth of installation, material, backfill, condition, failure events, and interventions), but such elements are usually missing from the utilities' databases. Further complications can arise regularly when there are discrepancies between design drawings and final constructed assets, which impact asset management solutions (Farrelly and Bach 2018) .
When such information is available, it often covers only the most recent years or is inconsistently collected due to changes in industry reporting standards over time or lack of adherence to protocols. In addition, data management and storage by urban drainage operators usually results in overwriting historical data with the most recent information. This leads to a lack of robust historical information about network development, condition, operation and maintenance. Much historical data may also neither be digitalised nor stored in relational databases, making their use extremely challenging. To tackle these data quality issues, methods for infilling missing data/metadata using alternative data sources (e.g. construction dates and pipe 
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Caen-la-Mer, France Egger and Maurer (2015) Rainfall variability, sewer deterioration, preference uncertainty, socioeconomic and land use development, groundwater contamination, sewer failure and collapse, flooding weighted by location, cost increase Shortcomings and possible improvements of CCTV inspections have been discussed in the section about inspection techniques. When currently using data provided by sewer utilities, attention is required on the following elements:
• Inspections are mainly performed for four specific purposes: (1) checking the quality of pipe installation or renovation at asset handover, (2) diagnosis in case of proven malfunction (odour, overflow, ground subsidence), (3) checking sewer condition before roadway renovation, and (4) random (or sectoral) survey of pipe conditions. • Due to the availability of resources, only a sample of network segments can be covered within the observation window. • Inspection and renovation data are only available in numerical format from a given year onwards (often after 1990).
Consequently, available inspection data are very likely to be subject to three data quality issues: (1) selective survival bias, (2) recruitment bias, and (3) information censoring. Of all those issues, the selective survival bias seems to be a critical issue for the future development of deterioration models. Current models are expected to underestimate the real condition of the network because the observed pipes used for model calibration are only those that 'survived' until the date of inspection. Since the models are calibrated using data concerning pipes that were in place at the date of inspection, they will inevitably underestimate the probability to be in a poor state, and consequently, overestimate the duration of useful life of pipes. Egger et al. (2013) proposed to combine the deterioration model with a probabilistic replacement model that characterises the probability that a pipe was not replaced, i.e. the chance that a pipe is still in service.
Sewer deterioration modelling
Over the last 30 years, a myriad of tools has been developed or applied by researchers, companies and municipalities, thanks to the potential of computational modelling. Modelling outcomes can support utilities in developing short-term rehabilitation programs by estimating the current sewer condition of uninspected sewers and forecasting the future condition of the network in planning long-term investment needs. The main tools for this are sewer deterioration models for structural deterioration, infiltration, exfiltration and blockages.
Modelling of sewer structural deterioration
Existing sewer deterioration models can be classified into three basic groups: deterministic, statistical and artificial intelligence (AI) models. For a detailed review of modelling approaches, the authors refer to Ana and Bauwens (2010) , Kley et al. (2013) , Marlow et al. (2009) , Rokstad and Ugarelli (2015) and Tscheikner-Gratl (2016).
Deterministic models aim at understanding the physical mechanisms that drive sewer deterioration. Even sophisticated deterministic models are often too simplistic to reflect the complexity of the deterioration process and the scarcity of available data needed to simulate deterioration mechanisms decreases the applicability of such models (Rajani and Kleiner 2001) .
To overcome the difficulty of deterministic simulation, statistical models have been developed to simulate the structural condition of sewer pipes from a set of explanatory covariates. The main statistical approaches developed are survival analysis, Markov-chain, logistic regression and discriminant analysis. Survival analysis and Markov-chain are the most common types of statistical deterioration models on a network level (e.g. Caradot et al. 2017; Duchesne et al. 2013; Egger et al. 2013; Le Gat 2008; Micevski, Kuczera, and Coombes 2002; Rokstad and Ugarelli 2015) . Prior to model calibration, pipes are generally grouped in cohorts, i.e. homogenous groups of sewer pipes sharing similar features, e.g. same material and type of effluent. Regression methods have been successfully used to determine the probability of failure of individual pipes (e.g. Ahmadi et al. 2014b; Chughtai and Zayed 2008; Elmasry, Hawari, and Zayed 2017; Fuchs-Hanusch et al. 2015; Salman and Salem 2012; Tscheikner-Gratl et al. 2016b ).
Compared to statistical models, machine learning models do not require assumptions about the model structure, they are purely information-driven. Model outputs are classified from a set of input variables by learning from the available data. Their advantage is their ability to identify complex and non-linear relationships between explanatory variables and sewer condition states by 'learning' the deterioration behaviour of pipes from inspection data (Scheidegger et al. 2011) . Therefore, the knowledge gained on the available inspection data is generalised to non-inspected pipes. Main machine learning methods used as deterioration models are Random Forest (e.g. Harvey and McBean 2014; Laakso et al. 2018; Rokstad and Ugarelli 2015) , Support Vector Machines (e.g. Hernández et al. 2018; Mashford et al. 2011; Sousa, Matos, and Matias 2014) , and Neural Networks (e.g. Jiang et al. 2016; Sousa, Matos, and Matias 2014; Tran, Ng, and Perera 2007) .
The comparison of modelling approaches and performances is not straightforward. This is due to the number and variety of modelling methods, the different type and size of the networks, the different degree of data availability (CCTV and explanatory factors) and the variety of metrics used to assess modelling performance. Model performance can be assessed at two different levels, depending on modelling objective (Ana and Bauwens 2010):
• At the network level, the objective is to simulate the evolution of the condition distribution of the network over time to support long-term strategic rehabilitation planning. The metrics indicate to which extent the model can predict the condition distribution of the entire network, i.e. the proportion of pipes in each condition at a given age. • At the pipe level, the objective is to identify pipes in critical condition to support inspection and tactical replacement strategies. The metrics verify to which extent the model can correctly predict the inspected condition class of each single pipe.
Few studies evaluated the performance of deterioration models to simulate the condition distribution of the network (Caradot et al. 2017 Duchesne et al. 2013; Hernández et al. 2018; Ugarelli et al. 2013) . They indicated that survival analysis and Markov models outperform a simple random model for predicting the condition distribution of the network, especially in the case of low data availability. Caradot et al. (2018) also showed that statistical models have a clear advantage against machine learning models at the network level when extrapolating beyond the observation window. Many studies (see Table 3 ) assessed model performance at the pipe level. Main metrics found are statistical ones (e.g. chisquare statistic, Goodness-of-fit, Root Mean Square Error, Coefficient of determination) and a list of indicators derived from the confusion matrix, including ROC and Lorenz curves (Lorenz 1905 ). This includes:
• True Positive Rate (TPR), i.e. the percentage of pipes observed in poor condition and correctly predicted in poor condition. • Positive Predictive Value (PPV), i.e. the percentage of pipes predicted in poor condition, which have been observed in poor condition. • False-Positive Rate (FPR), i.e. the percentage of pipes observed in good condition and wrongly predicted in poor condition.
It is difficult to outline clear conclusions regarding the best modelling approach at the pipe level as modelling performance is a trade-off between several indicators. Model performance varies considerably between the case studies: to give an order of magnitude, the average PPV is 57% and the average TPV is 64%. However, the benchmark of several models obtained in the same cities showed that the machine learning model seems to outperform statistical models to identify pipes in critical conditions.
Modelling of infiltration, exfiltration and blockages
Several methods have been proposed and applied for quantifying sewer infiltration rates, as already highlighted in the inspection section (Bertrand-Krajewski et al. 2006) . The most commonly used minimal flow approximation is quite simple and practical but has considerable inaccuracies because of its subjective assumptions. On the other hand, mass flux-based analysis has proven to be useful but requires long-term continuous water quality and quantity monitoring, thus its application is limited if several urban sub-catchments are under analysis (Bareš, Stránský, and Sýkora 2012) . Some existing models on exfiltrating of raw wastewater to the pipe surroundings (e.g. Ly and Chui 2012; Vizintin et al. 2009 ) are primarily focused on the dynamics of the leakage point and typically require unavailable information on aspects such as leak location, leak size, thickness of clogged layer, and hydraulic conductivity of pipe bedding material thus precluding its practical application in most cases (Roehrdanz et al. 2017) . Consequently, recent research has proposed simplified methods that do not require prior knowledge of leaking defect locations, based on exfiltration probability scores (Lee et al. 2015) to predict where pipes are likely leaking and contaminating groundwater, thus allowing implementation of water resource protection as planning criterion for sewer asset management (Roehrdanz et al. 2017) .
Besides sewer infiltration and exfiltration rates, sediment deposits constitute another important system deterioration factor. Research focused on identifying pipe attributes that are the key variables for the blockage phenomena (e.g. Ugarelli et al. 2009 ), estimating the time intervals between blockages to identify potential trends in the failure rates (e.g. Jin and Mukherjee 2010) and in preventive maintenance scheduling optimization to minimize costs (e.g. Fontecha et al. 2016) . Although promising, these model applications are mainly limited by data availability.
Simulation of asset management strategies implementing costs
Most approaches propose a framework to integrate the simulation of sewer deterioration with additional features such as vulnerability, impact and risk assessment or life cycle cost analysis. Methods taking costs into account aim at defining cost-effective rehabilitation programs. Tactical decisions related to the budgetary effort to be annually devoted to sewer rehabilitation on the midterm (often one decade) must comply both with strategic objectives related to the performance of the service on the long term (i.e. several decades) as well as operational constraints, which short-term rehabilitation planning must consider. Planning of annual rehabilitation works consists of allocating the available budget to sewer segments:
• based on condition or performance assessment (as described in the second section), • affected by land management operations that compulsorily involve the segment decommissioning or its change of location, • or involved in possible coordination, either externally (see the following section) or internally with adjoining sewer segments, to implement sufficiently sized rehabilitation projects.
The question of cost definition and its implementation into the decision-making process is for all these considerations a tricky but essential one.
Costs and benefits
From an economic and financial perspective, both direct and indirect costs and benefits are to be considered when failures of the sewer network occur. Failures and their consequences have significant economic consequences for the sewer system operators. They relate to direct expenses linked to the failure (repair/rehabilitation costs for instance) as well as indirect expenses incurred in carrying out various operating activities (e.g. depreciation on vehicles). These are called 'internal costs'. In addition, street flooding can lead to traffic disruption and damaged homes and public facilities as well as water exfiltration can cause disturbance to residents such as growth of mould in cellars, and odour issues. The question of these indirect or 'social costs' (sometimes called 'externalities'), as defined by Cromwell et al. (2002) , which consist in 'inconvenience to customers, disruption of roadway traffic, damage to properties or goods, disruption of business activity, disruption of parallel utilities, human injury [and] impose costs to consumers as well as on society in general' in addition to impacts on the natural environment, becomes increasingly relevant in recent years . The monetarisation of these externalities requires the assessment and definition of tangible, which are quantifiable, and intangible costs, which are more qualitative in nature and not readily quantifiable. One of the first works in this field puts a value on some impacts of malfunctions (Rozan, Rulleau, and Werey 2017) , but further researches are required. Knowing the costs of repairing a failure as part of their operating costs is important for utilities and accounting data provide an idea of the direct cost of a precise task (e.g. repair or renovation techniques) for upcoming operational and tactical planning. In the same way, an objective and accurate assessment of maintenance costs (e.g. flushing or removing a blockage) helps allocating human and machine time and resources. Werey et al. (2017) used job-order costing with homogeneous sections (Vanderbeck 2012) , dealing with human and mechanical power (crossing labour time with salary or fuel expenses), to assess cost-splitting between several (sub-) municipal departments for maintaining green stormwater management measures. This method combines direct and indirect expenses taken from accounting activities and allows to assess the utility cost-effectiveness and to propose possible improvements.
Since externalities lie outside of the market transaction, their price is not directly observable and valuation methods to determine their monetary value are necessary. Cost-based techniques measure the value of impacts based on past events and reconstitute the cost from existing data. In sewer networks' asset management literature, they are often based on other infrastructures. Gilchrist and Allouche (2005) used data from road works studies to estimate the cost of delayed travel time and traffic jams. Similarly, Werey, Janel, and Weber (2003) provided profit/loss ratios usable to activity disruption due to water delivery cut for each specific activity sector or flooding. Regarding protection costs, considering the costs for protection from flooding due to sewer network malfunctions could be an alternative.
Preference-based techniques, like the well-known contingent valuation method (Johnston et al. 2017) , are based on people's preferences. Exploring resident's preferences towards sewer network asset management is seldom done, whereas these methods provide important insights for decisionmaking by (1) providing information about agents' preferences and thus help to design better accepted policies, (2) identifying the variables that influence these preferences (e.g. risk perception), and (3) facilitating better support among users who feel involved in issues (Genius, Menegaki, and Tsagarakis 2012; Rozan, Rulleau, and Werey 2017) .
The above-mentioned approaches for internal and external costs and benefits estimation can be used as stand-alone methods or combined in more comprehensive decision-support tools, as indicators in a multi-criteria decision analysis (MCDA) or input for cost-benefit analyses (CBA). In this way, they aid informed decision-making regarding the construction of new sewer systems or sewer maintenance and rehabilitation prioritisation.
Decision making in sewer asset management
The implementation of an advanced asset management policy provides many benefits for a utility. It implies that the utilities construct and update their databases regarding the assets and services provided, as well as the assets' condition. Further, it requires prioritization of the necessary maintenance and rehabilitation activities by considering the performance levels of the infrastructures and by minimizing the assets' failure risks. This involves high-level decision-making activities where the tradeoffs of management decisions should be considered. Informed decision-making decreases the probability of catastrophic system failures, major budget surprises and claims from non-performant systems, thus reducing the long-term costs of operations.
However, existing frameworks (e.g. Saegrov 2006) do not take into consideration the whole decision-making practices in daily routines (van Riel et al. 2016) . Unaided decisionmaking relies on many heuristics that affect which information is processed and how, the preference construction process and ultimately the resulting choice. The limited knowledge about actual operational decision-making impedes determining or improving the cost-effectiveness of urban drainage because decision transparency is required to assess whether decision-making can be improved. Moreover, asset management requires multi-actor negotiation and coordination, as it spans across operational, tactical, and strategic levels within or across organizations. Most of the existing studies are performed on the utility level and little attention has been paid to linking the different decision-making levels to policy or to user preferences. At this level, the perspectives vary from assigning more capital investment to boost the infrastructure's performance to implementing more robust regulatory approaches requiring utilities to define sustainable investment strategies or to emphasize more the role of regulators in requiring a more realistic business plan from utilities (Vinnari and Hukka 2010) .
The conversion of existing frameworks and their outcomes into concrete decisions in the utilities is not always straightforward. Decision-making processes, in general, and also in sewer asset management, can be characterised as a series of compromises and negotiations considering the multi-actor characteristics of related issues (Geldof and Stahre 2006) . Other influential criteria or the main decision-making factors need to be considered in this complex multi-actor decisionmaking process. The focus thus far has not been on supporting the process, however, but rather on developing criteria and assessment models that focus on system performance. This can lead to decreasing decision transparency, uptake and potentially cost-effectiveness of the decisions made.
MCDA aggregation and evaluation modes have been widely applied in sewer asset management (Ana et al. 2009; Carriço et al. 2012; Egger and Maurer 2015) . Still, dedicated methods, considering the decision support process and elicitation and inclusion of decision-maker preferences to support decisions, which exist in disciplines, such as operations research and decision analysis, are hardly used in urban drainage. For example, MCDA (see Greco, Ehrgott, and Figueira (2016) for a recent overview), offers an 'umbrella of methods' (Belton and Stewart 2002) that align and integrate indicator assessment and preference modelling into a structured decision support process.
Multi-infrastructure rehabilitation
Sewers are only one of the many urban infrastructures. Amongst others, water and gas distribution networks, district heating, electricity and data communication cables are other underground infrastructures. Roads, parking spaces and urban green are infrastructures on the surface, which interact with, especially, stormwater management. Each of these infrastructures can be assessed at three levels:
• components level, usually the focus of inspection and deterioration models. • network level, usually the focus of assessment of system dynamics involving hydraulic modelling and monitoring. • urban fabric, representing the physical form of towns and cities, which supports and structures the underground infrastructures.
Each of the infrastructures has its spatial scale of principal units, e.g. sewer catchment or drinking water district and temporal scales of processes involved in these different systems, e.g. service life of components and networks. Unlike many other infrastructures, sewers also have a direct link to the urban environment during peak storms resulting in urban flooding. Sewers act together with streets of the urban fabric as dual drainage systems. Recent research (van Riel et al. 2016 (van Riel et al. , 2017 has demonstrated that infrastructure managers take different decisions when acting solo or cooperating, even though this may result in an overall increase in costs. Sewers are amongst the most capital-intensive infrastructures on a per length unit cost basis, with the least flexibility in space due to constraints in gradients and the maximum length of house connections.
Consequently, most operators of infrastructures can act as an asset manager, while sewer operators also must act as system performance manager. If the sewer system performs well and requires no upgrading, one can minimise interference with other utilities (e.g. applying trenchless methods). This will enlarge the service life of sewers (although probably less than replacement), without having to pay for the repair and improvement of other infrastructures, such as roads. The drawback of focusing on relining is that the 'upper' part of the sewer system, i.e. the gully pots and house connections, are also not replaced, which will, over time, cause a lot of smaller issues. In this respect, it is important to note that the upper part is responsible for >95% of sewer failures . Another possibility is to wait for other infrastructure managers to act and then join a free ride. This strategy allows the sewer operator to act strategically and minimise costs. Finally, a decent rehabilitation plan and a strategy for replacement of all infrastructures together with all utilities involved can be outlined. This is a strategy where sewer asset management becomes 'urban area management' and where the (often relatively large) budget for sewers is also used to maintain and upgrade urban areas. This strategy, of course, requires knowledge about possible interaction of infrastructures, remaining service life per infrastructure, and risks of damaging other infrastructures during sewer works. This strategy may only work when all utilities are equally aware and transparent about ageing of their infrastructure. If the sewer system performs moderately to poor with respect to CSOs and hydraulic performance the sewer asset manager needs to take the lead for hydraulic improvement measures. For very local measures, such as building a CSO tank, this may not require a strategy to interact with other utilities, although it should be noticed that effective hydraulic and environmental management of a sewer system is obtained through comprehensive analysis of the global system rather than local behaviour evaluation (Todeschini, Papiri, and Ciaponi 2018) . For this reason, the interaction between sewer operators and other utility managers may become even more necessary. For large scale disconnecting of impervious area or transitioning from combined to separate sewers, the sewer operator will have to take the initiative, allowing other utility managers to cheaply replace their infrastructures.
If urban flooding requires significant improvement measures in the sewer and in the urban area, multi-utility involving all relevant actors needs to take place. In this situation, the overall urban development will dominate the process, limiting the scope for optimising multi-utility rehabilitation. Nonetheless, urban rehabilitation also opens opportunities for restructuring the urban infrastructure to avoid future problems.
Applications of multi-infrastructure rehabilitation in literature
The approach of Carriço et al. (2012) may be used for an integrated approach on a strategic level. The approach of Nafi and Kleiner (2010) focuses on water distribution networks, implementing other infrastructure mainly as a source of cost savings due to coordination. Carey and Lueke (2013) considered three infrastructure networks (roads, sewers and water distribution) but focused on the economic outcome and monetary savings. Another shortcoming is the usage of randomly generated network conditions instead of real existing ones. Marzouk and Osama (2015) applied a fuzzy-logic approach for optimum replacement time of different infrastructure networks (roads, sewers, water, gas and electric cables) on a hypothetical numerical example without geographical component.
Osman (2015) presented a temporal coordination algorithm applying it for the road, sewer and water distribution network of a real-world case study. Inanloo et al. (2016) quantified vulnerabilities and potential impacts on the traffic flow of pipeline networks service failures. Tscheikner-Gratl et al. (2015 , 2016b showed a methodology for the integrated prioritisation of different infrastructures. This methodology was adjusted to missing or only recently begun data management and in consequence poor or at best mediocre data quality. Its main aim was to rank, and thereby prioritise, economically viable areas for the rehabilitation of the different networks or for individual networks. van Riel et al. (2017) developed a serious gaming research tool that incorporates both the concepts of information quality and human interaction. Players manage drinking water, gas, sewer and street infrastructures. However, no geographical links were drawn which limits the results in the influence of information quality on rehabilitation decisions, for single-and multi-actor decision-making.
An approach for comparative sustainability assessment of technical alternatives for sewer, water and district heating networks expansion was conducted by Pericault et al. (2018) on a case study considering the preferences of local stakeholders. A similar approach was applied by Bruaset, Rygg, and Saegrov (2018) using a life cycle factor based on cohort survival functions as a proxy for the value of the total expected service life of pipe groups. This resulted in significantly reduced lifetime costs compared to replacement without coordination.
Examples from the literature have primarily focused on optimisation of the rehabilitation at the network level, while also much literature exists of the necessary optimisation and balancing of grey, blue and green infrastructures. Multi-utility network rehabilitation may not necessarily be the first option in this context, depending on the budget and societal implications of such approaches and the importance of the sewer system in such optimisation efforts compared to the other infrastructures. The tipping point for these multi-infrastructure approaches, however, is yet to be determined by future research, as other asset management decisions that may have nothing to do with the state of the sewer and rather with other considerations may have an overpowering impact.
Conclusion
With aging sewer systems and pressing adaptation decisions at hand, the importance of sewer asset management will increase. The potential of modern techniques to overcome the limitations of visual inspections is substantial, and it is expected that within 5-10 years, the technologies currently developed will be mature and ready for practical applications. Focus should be laid on noninvasive methods for quantifying material's properties, cheap and practical applicable methods for determining the in-situ hydraulic capacity and methods for a continuous status survey of ALL elements in a sewer system. Also, the quest for finding an applicable physical deterioration model instead of the statistical ones, after understanding the physical processes behind the deterioration of sewer pipes, will be an ongoing one.
In other data-intensive disciplines, such as bioinformatics and medical sciences, technical advancements in data collection, storage, transfer and analysis have revolutionised the workflow, creating new opportunities for learning and finding solutions about the processes. In comparison, the value of data for underground urban drainage infrastructure management has not yet been fully realisedclearly, a paradigm shift is necessary: for example, storing and ensuring access to historical data is essential to manage urban drainage infrastructure in a more informed way. The opportunities offered by new technologies (databases and algorithmic processes) and the solutions adopted by other data-intensive sectors should be explored, especially when confronting future challenges in which the need for linking different data sets and platforms can make a difference, i.e. breaking down the professional 'silos' inside the water utilities and among the various stakeholders.
Deterioration models are useful tools to identify pipes in critical condition and long-term investment planning. Survival analysis and Markov models are found to be the most reliable and used approach to simulate sewer deterioration at the network level. Machine learning approaches and statistical regression are found to be the most reliable tools at the pipe level to identify pipes in critical condition. The uncertainties of sewer deterioration modelling have not been investigated in detail so far. First investigations have shown uncertainties in the condition assessment of pipes and their significant impact, but further work is needed to carefully quantify each source of uncertainty, assess more precisely their cumulated propagation in the deterioration models and find practical solutions to mitigate their impact on asset management decisions.
A common limitation of multi-criteria decision analysis applications in sewer asset management is that usually only aggregation and evaluation models are used. As with multicriteria analysis and indicator assessment, the need for consideration of the decision support process and elicitation and inclusion of decision-maker preferences is often overlooked. These are crucial for successful decision support and another promising area of research in sewer asset management. Also costs and benefits valuations (both direct and indirect) considering the organisation of the utility and the preferences of the users or inhabitants have still to be developed.
More research should also focus on the possibilities of multiutility asset management. The few existing approaches have shown promising results. However, they are often based on assumptions on cost-effectiveness of collaboration, e.g. that the additional cost for this coordination, negotiation and shared decision-making will be lower than the savings due to better integration, which has yet to be proven. An integrated economic view on these approaches including further knowledge about internal and external costs or even an interdisciplinary multiutility life cycle assessment of our infrastructure could help with this issue. Furthermore, interdependencies between the different infrastructures will need further investigation. Finally, studies about rehabilitation management schemes have always the inherent shortcoming of only being representative for the utilized case study and face, therefore, difficulties when generalizing their findings. Also, validating of such approaches proves to be challenging, because no non-influenced comparative scenario exists. Sharing of existing case studies or the construction of benchmarking scenarios should be encouraged.
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